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Abstract

A measurementof the inclusive crosssectionfor productionof isolatedphotonsis
presentedfor transverseenergiesin therangeof 23� 300GeV for thecentralregion
pseudorapidityof

� �������	��

. Theresultsarebasedonadatasampleof 325.9pb�� of

integratedluminosityaccumulatedduring2002� 2004in ���� collisionsat � ��� 1.96
TeV and recordedwith the DØ detectorat the FermilabTevatron Collider. The
obtainedresultsarecomparedwith thenext-to-leadingorderQCDpredictionsusing
CTEQ6.1MandMRST2004partondistribution functions.
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1 Intr oduction.
The productionof isolatedphotonsin high energy hadroniccollisionshasbeenstudiedinten-
sively at experiments[1, 2, 3, 4, 5, 6, 7] andtheoretically(seefor example[8, 9, 10, 11,12,13,
14, 15,16,17, 18]) duringthelast20 years.

In high energy ���� collisionsthedominantsourcefor productionof photonswith moderateand
high transversemomentum��� is direct (or prompt)photons.They arecalleddirect sincethey
areproduceddirectly from parton-partoninteractionsandnot from thehadrondecays(suchas����� � ����� ). Thesephotonscomeunalteredfrom the hardprocessand thereforecangive us a
cleantestof thehardscatteringdynamics.In theregion up to �	!�#"%$'& � GeV thedirectphotons
aremainlyproducedthroughtheComptonscattering(*)#+�, (*)#-.0/ andthustheirproduction
crosssectionis sensitiveto thegluondensityinsidethecolliding hadrons.A highcenterof mass
energy at Tevatronandthestatisticsaccumulatedcurrentlyin RunII allows usto testQCD and
gluondistribution in theregionof large 132 (1 orderof magnitudehigherthanreachedatHERA)
andwide rangeof 465 : �7�8�79:� 4;� �<�	��=7�

. This processis complimentaryto deepinelasticscat-
teringandto ’ >@?�AB)DCFEHG ’ production.Themeasurementsof isolatedphotoncrosssectionalso
allows testingthenext-to-leadingorder(NLO) andresumedQCDcalculations,phenomenologi-
calmodelsof gluonradiation,studiesof photonisolationandthefragmentationprocess.

Photonidentificationis freefrom theuncertaintiescausedby thepartonfragmentationor by ex-
perimentalissuesrelatedto jet identificationandenergy measurementandthushasanadvantage
over jet productionmeasurement.

In addition,photonsin thefinal statemaybean importantsignof new particlesand/orphysics
beyondthestandardmodel.Thus,first of all, it is usefulandnecessaryto studyandto understand
the“conventional”sourcesof photons.

This notepresentsa first measurementof thecrosssectionfor productionof isolatedphotonsin�I�� collisionsat � �J� 1.96TeV (RunII) in thecentralpseudorapidityregion of
� �*�F�K�	�8
 2L/ and

coversa muchwider ��� rangethanRunI measurementsat CDF [3] andDØ [4].

2 Data sample.
For the analysiswe usedatapreselectedby CommonSamplegroupaccordingto the ’1 EM’
skimdefinitionwith thefollowing criteria[22]:M EM object

�ON�PQ� � $ � � $7$ ;M ���.R $'& GeV.

0/ while for higherS !� theannihilationprocessTFUWVTYX[Z\U^] becomesdominating(seee.g.[14]). Recent
CDF data[19], calculationwith DIPHOX packagecomparedwith preliminaryRunI D0 data[20] as
well asestimationdonewith PYTHIA eventgeneratorshow that relative contribution from diphoton
productionis smallenough(_a`�b ).

2L/ Pseudorapidityis definedas cedgfihkjmlonpj\qsr�t , where q is thepolar anglewith respectto theproton
beam.
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Theanalyzeddatacorrespondto the time periodfrom August2002to June2004andcombine
theruns161973–194566in globaltriggerversionsof v8–12.

Runsin thedatasamplearerequiredto bedeclaredasGOODor REASONABLE by all quality
groupsexcludingjust CTT andMUON groups.

The datahave beenselectedby a combinationof the unprescaled(for a given run) triggers u /
from thelist:vxw ��y{z|��}6y �~� v�w �\y{z ��� vxw � w�� ��}6y �~� v�w � w�� in triggerversionsv8–11 andvx� �F}6y\���7� �~� v�� ��}6y6�7� �~� vx� �6����� in triggerversionv12.

Justeventsfrom good luminosity blocks are taken, (i.e. all the non-normalizableluminosity
blockswereexcludedfrom theanalysis).In addition,luminosityblockswhichweretroubledby
transientproblemsin calorimeterandidentifiedasbadby JET/METgroupsareremoved. After
applyingall thecriteriadescribedabove,theintegratedluminosityof thedatasetis 325.9 � 21.2
pb�� [23].

3 Selectioncriteria.
Photoncandidateswereidentifiedin theDØ detector[24] asisolatedclustersof energy deposi-
tions in theuraniumandliquid-argonsamplingcalorimeter. Theelectromagnetic(EM) section
of the calorimeteris segmentedlongitudinally into four layers(EM1-EM4) of 2, 2, 7, and10
radiationlengths,respectively, andtransverselyinto cellsin pseudorapidityandazimuthalangle� �m� �m� � �	� $ ���	� $ (

�	��� & ���	��� & in EM3). In addition,theclustermayalsocontaintheenergy
depositedin thehadronicportionof thecalorimeterlocatedaftertheEM one[24].

To selectphotoncandidatesin dataandMonte Carlo (MC) we have usedthe following selec-
tions:�

CommonSamplegrouppreselectioncuts(section2).�
Primaryvertex (PV) selection:Theeventvertex wasrequiredto bewithin 50cmof thenomi-

nal centerof thedetectoralongthebeam(
� A\����� ��� & ����� ) andshouldhave at least3 associated

tracks.

Main photonic criteria:�
EM objectis reconstructedby simpleconealgorithm[22].�
Justcentralphotonsareconsideredwith

� �	��� � ��� �� ¢¡ ���£�	��

.�

To avoid inter-calorimeterboundariesandcracksEM fiducial cutsareapplied[22]�
Eachcandidatewasrequiredto depositmorethan95%of thedetectedenergy in theEM sec-

tion of thecalorimeter(EMfrac R �	��
 & )�
and to be isolatedin the annularregion between¤¥� � � 2 ) �m� 2 � �	��9

and ¤¦� �7�8§
aroundthegravity centerof thecluster:

N ��¨ª© � ¤ �79�«*���	� $ � . Here

u / A moredetaileddescriptioncanbefoundin section4.2.1
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N ��¨ª© � ¤ �79�« �¬©®3¯o�s¨o°±¨pG � 3¯²��¨�³J¨p´FE « ?7i¯o�s¨�³±¨o´µE , where 3¯²�s¨p°±¨oG is overall (EM+hadronic)
towerenergy in (

� � � ) circleof ¤¶� �7�8§
and 3¯²�s¨�³J¨p´FE is EM towerenergy in circleof ¤£� �7�89

.�
Probabilityto haveany trackspatiallymatchedto theEM clusterin theeventwasrequiredto

bebelow 0.001.�
Wealsorejecteventshaving too largemissing i5 by thecut ^·\¸  ¢ 5 ?'��!� �£�	��¹

.

Additional selection variables/criteria.

Many other selectioncriteria were studiedand testedfor photonidentification[27, 28]. The
following variablesturnedout to be most efficient and consistentfrom the point of view of
testingthemon the A£, E�E events:� º � E�»¼» � ±½ $ ©�±½ � »|¾��²G « — numberof cells thatbelongto the EM cluster, arein EM1, and
haveacell energy  �¼�¢¿O¿ R �	�8§

GeV.� º � E�»¼» � ±½ $ © � ¤ �797« — numberof cellswith theabovecriteriaandwithin thering of
� ¤���	��9 � �	�8§ .�

�²¾ � � G0´µÀ �LÁµÂ °<© � ¤ �7§7« — scalarsumof tracktransversemomenta(� ��¡� ) in thering of
�	��� &JÃ¤ Ã �	��§

. Herewe consideronly the tracksthat areproducedwithin 2 cm from the primary
vertex of theeventandhave � ��¡� R �	��=

GeV.�
�²¯�+�´��ÅÄ7¯ � �½ =

— energy weightedEM clusterwidth in ´ � � in EM3 layer[22].

4 Calculation of crosssection.
Theinclusivephotoncrosssectionwasobtainedby therelation:Æ 2�ÇÆ � !� Æ � ! �

È Â¶ÉËÊpÌ  ·Í ¸ Ì � � � !� � � !ÏÎÑÐ � Ð  (1)

whereÈ
is numberof photoncandidatesin theselectedsample;Â
is photonpurity (or fractionof singlephotonsin thesample);ÉËÊpÌ  · is unsmearingcorrectionfactorcausedby finite energeticresolutionfor EM objects;Í
is theintegratedluminosity;� ��!� and

� � ! arethebin sizesin transversemomentumandpseudorapidity;Î is thegeometricacceptance;Ð � is thetriggerefficiency;Ð  is theefficiency of selectioncriteria.

4.1 Electromagneticjets.

Unfortunatelyfor MonteCarlostudies,only about5 out of 10,000QCD jetssurvive loose(and
basic)photonID cuts(suchasEMfrac R �	��
7�

,
N ��¨ª© � ¤ �79�«��Ò�	� $'& and“No track matched”).

To apply tightercutsandto still have statisticssufficient for theanalysis(e.g. for estimationof
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Figure1: Distributionsover characteristicvariablesandpositionof cuts to selectem-jetsare
shown. A caseof thefull MC generationof ’ - � ¸ ¡ +jet’ eventswith ä�i·\¸ Ìå � §7�

GeVis considered.
Theshown cut positionis slightly dependson theminimalpartontransversemomentumä�i·\¸ Ìå .
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backgroundefficiency andpurity) we needºçæ $ ��è QCD events.This is, of course,too time and
CPU consuming.The solutionis, asin Run I, a preselectionon generatorlevel quantitiesand
reconstructionof just electromagneticjets(see[4]).

A studywasperformed(in earlierrelease-versions:p10.14.xx,p13.06.xxwhich hadsufficient
statisticsof QCDMC events)onjetswhichwereidentifiedasEM objectspassingEMfracR �	��
7�

,N ��¨ª© � ¤ �79�« Ã �	� $'& . Somecharacteristicgeneratorlevel variableswereidentified. Thesevari-
ablesinclude

M maximal � !� in ¤ Ã �	��9
– ��� of the most-energetic photon/electronin the ring of ¤é� �7�89

(R02)aroundcenterof gravity of EM cluster;M � Â °ê©�¤ �<�	��97« ?�ä� ·\¸ Ìå – ��� scalarsumof all particlesin R02dividedby maximal ��� of a final
statepartonin thehardinteraction;M � Â °ê©®¤ Ã �	��97«¢� · ?7� Â °ê©®¤ Ã �	��97«

– asabovebut just e/mparticlesareconsideredin R02;M � Â °ê©®¤ Ã �	��97«¢ëLìí� ?7� Â °�©®¤ Ã �7�897«
– asabovebut just hadronsareconsideredin R02;M � Â °ê© � ¤ �797« ?7� Â °ê©�¤ Ã �	�89�«

– ��� scalarsumof all particlesin thering of
� ¤K� �	��9

around
EM clusterdividedby � Â °ê©�¤ Ã �	��97«

;M � Â °ê© � ¤ � & « ?7� Â °ê©�¤ Ã �	��97«
– samefor abiggerring of

� ¤£� �7� & ;M È �¼ë ©®¤ Ã �	��97«
– numberof chargedparticleswith ���çR $ GeV in R02;M maximalhadron��� in ¤ �79 – ��� of themostenergetichadronin R02.

Distributionsof thosecharacteristicvariablesandpositionof cutsto selectem-jetsareshown in
Fig. 1. This is shown for the full MC generationof ’ - � ¸ ¡ +jet’ eventswith ä� ·�¸ Ìå � §7�

GeV, and
thecut positiononly slightly dependson theminimalpartontransversemomentumä�î·\¸ Ìå .

After applicationof the found cuts the QCD (in fact, EM) jets in the coneof ¤¬� �	��¹
were

formed,written to a file andthenfully simulatedby the packagesDØGstar[30], DØSim,and
DØReco.

About $ ��ï em-jeteventsweregeneratedfor 17 ��� intervalsfrom 23 to 300GeV to studyback-
groundrejectionsandphotonpuritiesaftertheusedcuts.

We have classified(andsimulated)threeseparatetypesof em-jets: ��� -, � - and © ��� )ñð « -em-
jets. Theseareclassifiedaccordingto theparticlethat inducetheem-jet(i.e. themostenergetic
particlein thecoreof em-jetwith at leastonephotonin thefinal state)[27]

4.2 Calculation of efficiencies.

4.2.1 Trigger efficiency.

All of the eventsin this analysismust have fired one of the unprescaledsingle high ��� EM
triggers.For globalCMT triggerversionsfrom 8 to 11 (runs Ã 178721)thepossibletriggersare
EM � HI � SH

�~�
EM � HI

�~�
EM � MX � SH

���
EM � MX. For globalCMT triggerversion12 (runsR
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Figure 2: Trigger efficiency as a function of �	� for the trigger combinationEM � HI � SH
���

EM � HI
���

EM � MX � SH
�~�

EM � MX. The fitting function as well as the relative fit errorsfor
somepointsareshown on theplot.

178721)it is E1� SHT20
���

E1� SH30
�~�

E1� L50.

TriggerEM � HI � SH(EM � HI) at level 1 requiresonecalorimeterEM triggertowerwith ���.R 10
GeV, at level 2 requiresoneEM candidatewith �	�ûR 12 GeV andat level 3 selectsEM clusters
with ���ûR 20 (30) GeV satisfyingtransverseshower shaperequirements.TriggerEM � MX � SH
(EM � MX) differs in that the level 1 requirementis one calorimeterEM trigger tower with����R 15 GeV.

TriggerE1� SHT20(E1� SH30)atlevel1 requiresonecalorimeterEM triggertowerwith ���.R 11
GeV, hasno limitations at level 2 andat level 3 selectsEM clusterswith ���üR 20 (30) GeV
satisfyingtight (loose)showershaperequirements.E1� L50 differsfrom E1� SH30by selection
of EM clusterswith ���.R 50at level 3.

Sincewepreferto usethedatato calculatetheefficienciesof thetriggercombinations(andsince
thereis no a sourceof purephotonsin data)andwe believe that the calorimeterbasedtrigger
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Figure 3: Trigger efficiency as a function of ��� for the trigger combinationE1� SHT20
���

E1� SH30
�~�

E1� L50. The fitting function aswell asthe relative fit errorsfor somepointsare
shown on theplot.

requirementsfor an electronshouldequallyapply to a photon,we use Aý, E�E events þ / . To
estimateefficiency of the triggercombinationsvs. �	� , the tagandprobemethod[29] hasbeen
used,the found pointsaswell asthe fit parametersareshown on Figs. 2 and3 for the global
triggerversionsv8–11andv12respectively. Thefoundfit with theerrorswill beusedin formula
(1) to calculatethecrosssection.

þ / In addition,sincethe numberof radiationlengthsin Run II in CC region beforecalorimetervaries
as3.5–5.5ÿ � for (the larger the larger c ) the differencesbetweenelectronandphotonshouldeven
smaller.
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4.2.2 Acceptance.

TheacceptanceÎ takesinto accountthe eventslost dueto variousgeometricselectioncriteria
whichareaimedat keepingjust EM clustersin thefiducial regionsin

�
and

�
of thecalorimeter

(i.e. to avoid inter-calorimetersectionboundariesandedges)[24] wherewe bestunderstand
them.

Theacceptanceis calculatedfirst from MC “ - � ¸ ¡ +jet” events.First,we selectdirectphotonsin
different � !� intervals thathave

� ���;� �	�8

on theparticlelevel. We chosethe reconstructedEM

clusterto be in the same� !� interval
ï / andin correspondencewith the photonby requirement¤ Ã �7�89 & where¤ is adistancein the
� � � spacebetweenphotonandEM cluster. Acceptanceis

definedfor agiven� !� interval asafractionof generatedevents
È � ��Ì thatpasstwo reconstruction

level cuts
È � ì  ¢ : � �7��� � �����7�8


andEM fiducial cuts

Î © � Â G « � È � ì  � È � �¢Ì (2)

For awiderangethefoundfrom MonteCarloacceptanceagreeswith theconstant
�	�8¹��7§ � �	���7�7= .

Unfortunately, it turnedout that Monte Carlo simulationdoesnot reproducecorrectlyenergy
lossesin the cracksbetweenazimuthalmodule boundaries[25]. A particle that entersthe
calorimeterneartheboundarylosessomepartof its energy to thecrackswhich shift thecluster
centroidin phi towardscenterof themodule(i.e. to a good phi fiducial region). To checkMC
descriptionof energy lossesnearthephi crackswe have consideredAg, E�E eventsin MC and
datathatsatisfycriteria:

��� � ½ ���¸ Ì � � 
7¹
GeV/c2 , N �s¨F© � ¤ ��97«Y� �	� $ � , EMfrac of E�� is greater�	��
 & andeachE � hasspatiallymatchedtrackwith probability R �7� $ . Fig. 4 demonstratesshifts

of electronphi clusterpositionout of thephi cracksto thecenterof phi modules(Here �ÅÄ7¯ � ¨ Æ
is definedas��Ä	¯
	 $ � ? ��� $ ��� ). In datathis shift is moreandthusa larger(thanin MC) fraction
of electronsareascribedto agoodfiducial region.

Fig. 5 presentsnormalizeddistributionsof thenumberof eventsovercalorimeter(EM3) phimod.
Threeconsideredcasescorrespondto electronsfrom A , E�E in MC (red), data(blue) andto
MC photons(purple). Onecanseea differencein thefractionof eventsin MC anddataon the
edgesof phi modules(�ÅÄ7¯ � ¨ Æ � �	� $ or R �	�8


). Fig. 6 shows efficienciesw.r.t. eventselection
’in phi fiducial’ region for threetypesof events:MC (red),data(blue)electronsfrom Aü, E�E
decayandMC photons(purple).Goodagreementof electronandphotonMC efficienciescanbe
noted.Fig. 6 showsefficienciesw.r.t. eventselection’in phi fiducial’ region for MC photons.A
linearbehavior (with fit

�	���� $ � �	�8���7§ ) atwhole � !� range(
97=��Ñ9��7�

GeV) is seen.FromFigs.5
and6 onecannoteanequivalentbehavior of MC electronsandphotons.Fig. 8 shows ratio of
MC-to-data’in phi fiducial’ efficiencies.Thus,in datawe select,on theaverage,by 7.6%more
eventsthanin MC by ’in phi fiducial’ cut.

Thefinal correctedphotonacceptanceasa function of ��!� is shown in Fig. 9. We seefrom the
plot thatit canbefitted by theconstant

�	��7§79 � �	���7�79 .
In spiteof goodagreementbetweenMC ’in phi fiducial’ efficienciesfor photonandelectronsï /���� � · for agiven S !� scale(see(18)of AppendixB).
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Figure4: Averageshiftsof calorimeter(EM3) phimod (definedas ��Ä	¯ æ $ � ? ��� $ ��� ) w.r.t. track
phimod asa function of track phimod. Two casesthat correspondto electronsfrom Aé, E�E
decayin MC (red)anddata(blue)areshown.
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Figure 5: Normalizeddistributionsof the numberof eventsover calorimeter(EM3) phimod.
Threeconsideredcasescorrespondto electronsfrom A , E�E in MC (red), data(blue) andto
MC photons(purple).
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electronandphotonMC efficienciescanbenoted.
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Figure7: Efficienciesw.r.t. event selection’in phi fiducial’ region for MC photons.A linear
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Figure9: Thegeometricacceptanceasa functionof directphoton!#" for $ %&$('*)#+, foundfrom
MC simulation.

(shown in Fig. 6) we admita possibledifferencebetweenthemin datawithin 1%. Takingalso
into accounta possibledependenceof acceptanceon PDF within 1% [31] our final valueof
geometricacceptanceis )#+.-�/�0�12)#+)�354 .

4.2.3 Vertex selectionefficiency.

Wealsokeepjust theeventscomingfrom primaryvertex with $7698;:=<�$#'>4�)@?BA where 6
8C:=< is the
distancealongthebeamaxisfrom thecenterof thedetector. Thequalitative requirementon the
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numberof tracksmatchedto thevertex is imposed:DE:=FHGJI*K . Theefficiency in L vertex cutsis
estimatedby takingtheratio of eventsthatpassedphotonselectioncuts(section4.2.4)with and
without L vertex requirements.HereweassumethattheQCDbackgroundeventsremainedafter
applicationof photonselectioncutsmostlyhave1-jet topologyasthesignalevents.
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Figure10: Vertex cutsselectionefficiency asa functionof instantaneousluminosity.
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Figure11: Normalizeddistributionof thenumberof selectedeventsoverinstantaneousluminos-
ity (in unitsof 3Y)[ZB\ ).
It wasfoundthatefficiency for L vertex cutsdepends[26] asontheinstantaneousluminosity ]
^`_bac:
asonthephotontransversemomentum!ed" . Dependenceof vertex efficiency ontheluminosityis
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presentedin Fig. 10. As weseeit canbefitted by function

f 8;:=<gih ]j^k_5ac:clnmo3nprq gtsvu !jwyx g ]j^k_baz:c{ (3)

with q g m*)#+z350�-|1r)#+)�)�K and x g m h p}3b+/�0�0E1r)#+c3Y)�-�lj~�35)e��� . Sincemostof theconsideredhere
eventshave ]j^k_baz:9�>0�)|p�K�)@?;A��[��� g (seeFig. 11) theaverageefficiency is �>)#+,�) .
Dependenceof vertex efficiency on ! d" is shown in Fig. 12. This dependenceis parametrizedby
thepolynomialof secondpower

f 8;:=<� h ! d" l&m�q ��� x � ! d" � ? � h ! d" l � (4)

with q � m )#+.,�)�3�1�)#+)�)�3 , x � m h 3b+c3Y-�)�1�)#+K�-�/�l�~�35)#��� and ? � m h p}35+./�3�3E1*)#+0�,�35l�~�35)e���
( �����5���B��m>)#+-�� ).
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Figure12: Vertex cutsselectionefficiency asa functionof photontransversemomentum!ed" .

Combineddependenceof vertex selectionefficiency on ]
^`_bac: andon !ed" canbeexpressedas

f 8C:=<g;¥ � h ]
^`_bac:c¦§!ed" l&m f 8;:=<g h ]
^`_bac:Hlj~ f 8C:=<� h !ed" l¨� f 8;:=<� h¨© !ed"«ª l (5)

where © ! d" ª is mean! d" valuein theselectedsample(whatis ¬>K�)#+0 GeV).

4.2.4 Photon selectionefficiency.

Sincethecrosssectionof directphotonsis about 35) Z lower thanfor jetswe have to applypow-
erful criteriafor thebackgroundsuppression.Below wedefinetwo setsof criteria.

Main set.

Themainsetof criteriausedfor suchasuppressionis thefollowing �Y :
® EMfrac ¯°)#+.,�4 ;

�Y seealsosection3.
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®�± ��² h´³¶µ )�0�l�'·)#+z35) ;
® Probabilityfor theEM clusterto haveany spatiallymatchedtrackis lessthan0.001;
®�¸º¹ ^kaza» �Y!ed" '°)#+.¼

The presentedcriteria shouldsignificantlyreducethe numberof QCD jets that have energetic
hadronsin thecoreand/ornoticeableenergeticactivity aroundtheEM cluster. Sincemostjets
producechargedhadronsonecansignificantlyrejectcorrespondingeventsby thethird criterion½  . Thelastcut rejectseventswith largemissing ¸ » .
To estimatetheefficiency for directphotonsto passthosecutswe have usedthefully simulated
andreconstructedMC “ ¾�¿ ^`F +jet” events. Only photonswith reconstructedenergiesthatarein
thesame!e" regionsasthegeneratedphotonsareusedfor theselectionefficiency determination.
Theefficiency to passcuts’EMfrac ¯·)#+,�4 ’ and’ ± ��² hÀ³¶µ )�0�ln'°)#+c3Y) ’ is shown in Fig. 13.
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Figure13: Photonselectionefficiency to passcriteria’EMfrac ¯Â)#+,�4 ’ and’ ± �Ã² hÀ³¶µ )�0�ln'Â)#+z35) ’
asa functionof ! d" .

Here we assumethat electromagneticshower initiated by the photonis modeledwell in the
programthat simulatesthe responseof the DØ detector[30]. Comparisonof the EM fraction
depositedby s�Ä from Z decay[31] in MC anddatashows goodagreement.Oneonly hasto
acceptthat the small differencebetweenphotonandelectroninducedshowersarereproduced
well by D0gstar[30] in orderto concludethatthephotonefficiency w.r.t. thecut EMfrac̄>)#+,�4
foundfrom theMC simulationis accurate.

Others[31] have notedthat theremaybea deviation betweentheefficiency of the isolationcri-
terion in dataandMC dueto thecalorimeternoisein datawhich is not modeledin MC. In this½  Besides,theneutralhadronswith multiphotonfinal stateof their decaychannelwould have a bigger

conversionprobabilityto Å Ä pair thatit is for asinglephoton.
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casethe efficiency found in MC w.r.t. this cut would be higher than in the data. To estimate
thedifferencein efficiency of the isolationcut we have usedthe 6ÇÆ s�s MC anddataevents.
Theseeventswereselectedby thefollowing criteria: -��È'ÊÉ2ËzË^k_58 '�,�¼ GeV/c� , EMfrac of s�Ä is
greater)�+.,�4 with spatiallymatchedtrackfor eachof s�Ä . Thefoundefficienciesto passcriterion± �Ã² hÀ³¶µ )�0�ln'·)#+z35) is shown in Fig. 14 for MC anddataelectrons/positrons.

Their ratio canbeparametrized(with �����5�&�B�Ìm>)�+.4�� ) by
Í ËzÎÏÎ m>)#+,�4�0�12)�+.)�3Y� � h )�+.¼�/�4�12)#+.0�¼�/�l�Ð235) ��Z ÐÑ! d" + (6)

We have appliedthis correctionto thetotal selectionefficiency in theinterval of 0�K¶ÒÂ!ed" Òo��)
GeV(i.e. in theregionwherethis MC/datadisagreementis observed).

Thecorrectedefficiency is shown in Fig. 15. It alsoincludesrequirementof ’no matchedtrack’
with ’track� match� spatialchi2prob()' 0.001’.

A lossof photoneventsdueto the trackingcriterion ’track� match� spatialchi2prob()' 0.001’
may be causedby a photonconversionto s�Ä pair in the tracker mediawith a following track
reconstructionandassignmentof this track to the EM cluster ÓY . Onecanexpect that sucha
probabilityis very small. Thereis alsotheprobabilitythata randomtrackin theevent(from an
additional!tÔ! interaction,ISR/FSReffects,from spectatorquarksor evenQCDjet) overlapswith
thephotonEM cluster.

To build confidencethat thesimulatedMC is closeto reality, we have comparedMC/datatrack
reconstructionefficienciesfor s�Ä from 6Õ\ decay. For this aim we havechosens�Ä by thecriteria
describedin thepreviousparagraphandcalculatedtheefficienciesusingformula

f :=FHG@m 0ED � :=FHG0@D � :=FHG � D g :=FHG
(7)

whereD � :=FHG is numberof 6 \ Æ s�s eventswith two (electronandpositron)EM clustersspatially
matchedto trackswith probability I 0.001and D g :=FcG is thatwith only oneof (electron/positron)
EM clustersspatiallymatchedto a trackwith probability I 0.001.Thefoundvaluesare )#+,�K�-n1
)#+)�)�/ in dataand )�+.,�/�/º1r)#+)�)�K in MC, i.e. with just 0.6%differenceon theaverageÖY . Sucha
smalldifferencewhenmultiplied by theconversionprobability leadsto a completelynegligible
effect.

To estimatethe numberof additionaltracksmatchedto EM clusterwe have againtaken EM
clustersproducedby the s�Ä from 6Õ\ decay. The total numberof tracksmatchedto oneEM
clusteris shown in Fig. 16. Additional trackswerefoundin 0.721 0.13%of eventsin MC andin
1.101 0.16%in data.

Giventheconfidencebuilt by thesecomparisonsof MC anddata,we rely on theMC for finding
efficiency with respectto the”track� match� spatialchi2prob()' 0.001”criterion.

ÓY Notethatthis is not thesameasthetrackreconstructionfor Å Ä producedin theeventvertex.

ÖY Analogousvaluesfor loosercuts,EMfrac×ÊØ�Ù=Ú�Ø andare ÛÃÜbÝ[ÞBßáà�Ø�â�ã�ä�Ø�Ù=å�æ are Ø�Ù=Ú�âvçéèêØ�Ù=Ø�Ø�æ for
dataand Ø�Ù=Úvçëâìè�Ø�Ù=Ø�Ø�í for MC.
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Figure14: Selectionefficiency in MC (red)anddata(blue)w.r.t. the ± ��² hÀ³¶µ )�0�l�'�)#+z35) cut as
a functionof !e" .
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Figure15: Photonselectionefficiency topasscriteria’EMfrac ¯Â)�+.,�4 ’, ’ ± ��² hÀ³¶µ )�0�ln'Â)�+c35) ’ and
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comparison).
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Figure16: Total numberof tracksmatchedto oneEM clusterin 6 \ Æ s�s event: MC is redand
datais bluehistograms.Numberof eventswith 2 (andmore)matchedtrack is 0.721 0.13%in
MC andin 1.101 0.16%in data.

Theeventsthatcontributeto theinclusivephotonproduction(mainly with directphotonin final
state)areexpectedto have small missingtransverseenergy ¸ » (Exampleof a goodcandidate
to ’direct photon+ jet’ event (XY view) in datais shown in Fig. 17). Thuswe needto apply
this cut to get rid of eventswith large missing ¸ » ( ¸E¹ ^kaca» ). The sourcesof sucheventscanbeú Æ s�û events

g \Y andeventsthat arenot causedby !9Ô! interaction,for exampleby cosmics.
Exampleof suchevent(XY view) in datais presentedin Fig. 18. It wasfoundthatcontribution
of eventswith large missing ¸ » is especiallybig at high ! d" gBg  . Distribution of thenumberof
eventsin dataover ¸º¹ ^kaza» �Y!ed" after applicationof ’EMfrac ¯ü)#+.,�4 ’, ’ ± �Ã² hÀ³¶µ )�0�l�'ü)#+z35) ’ and
’track� match� spatialchi2prob()' 0.001’ cuts is shown in Fig.19. Valuesof ! d" intervals are
shown on theplots. Anomalouscontribution of eventsin the region of )#+-Ñ' ¸ ¹ ^kaza» �5! d" 'ý35+./
is clearlyseen(thatbecomesespeciallynoticeablefor !#d" ¯Â¼�) GeV).Onecanalsoobserve that
fractionof theseeventsincreaseswith growing !ed" .

We have introduced ¸ ¹ ^kaca» �5! d" 'þ)�+.¼�) criterion in order to cut off eventswith large missing¸E¹ ^kaca» . Efficiency of signaleventsw.r.t. this conditionis shown in Fig. 20.

Accountof the last efficiency leadto thefinal curve for photonselectionefficiency that is pre-
sentedin Fig. 21. It is fittedby qEp svu !
w h x�pÿ!#" l¨��?Ï{ with valuesof parameters:

qJmÂ)#+,�354|1�)�+.)�)�/#¦ÿxÕm>p 4�0�+.)�/�12��+c3�3 ����� ?�mÂ0�-#+/�K�1�3b+��)#+ (8)

We admita dependenceof theefficiency on the instantaneousluminosityandadd1% error for
thisdependence.

g \Y Oneneedsto notethatfractionof ��� Å
	 backgroundeventsis smallascomparedwith QCD events
[48, 47].gBg  This factconfirmstheir cosmicorigin sincetheslopeof � d" spectrumof is muchsteeperthanthat for
cosmicrays.Thustheir relative fractionshouldgrow with energy.
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Figure17: Exampleof “li ve” “ ¾ �
� s� ” event(XY view) obtainedfrom eventdisplay. Runand

eventnumbersareshown on theplot.
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Figure18: Exampleof acandidateto cosmicevent(XY view) obtainedfrom eventdisplay. Run
andeventnumbersareshown on theplot. Missingtransverseenergy is clearlyseen(yellow) in
theoppositesidew.r.t. EM cluster– photoncandidate(red).
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Figure19: Distributionof thenumberof eventsin dataover ¸ ¹ ^kaza» �5! d" afterapplicationof ’EM-
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Additional set.

Thesetof additionalvariablesusedfor a furtherbackgroundsuppressionwaspresentedearlier
in section3.

It is worth mentioningthat thesevariablesarenew ascomparedwith Run I andthey werein-
troduced,on theonehand,to build a discriminantvariablethatwould allow oneto determinea
photonfraction(purity) in theselectedsample(section4.4)and,on theotherhand,to specifya
criterionfor increasingthephotonpurity.

To verify the MC/dataagreementwith respectto thesevariableswe have testedthem on the
6 Æ s�s events. The normalizeddistributions of thosevariablesfor the 6 Æ s�s eventsin
MC anddataareshown in Fig. 22.Electrons/positronsfrom 6ì\ decayarerequiredto bewithin
$ % ¿ Ë : Ë/. :10HF�$e'�)#+, andwith 0�4 'r!#"�' ¼�4 GeV. Behavior of efficienciesareshown in Figs.23,24
and25. They arebuilt for eachof thevariableswith !e" of s�Ä in theintervalsof 0�4�' !e" '�/�) ,
/�) ' !e" 'Â4�) and 4�) ' !e"Ñ'Â¼�4 GeV, respectively.

After applicationof suchtight limitationsas: �&? s3242 � ¸ Éo3 h ¸ É>? 265 �  lÕÒ>0 , �&? s3242 � ¸ É 3 hÀ³¶µ )�0�l
m ) , � 5 A �  Í qe?87�9

� h´³ µ )�/�l Ò 0 GeV, and �:�<; Í !>=�� � ¸ ÉÂK Ò / cm thefinal efficiency was
foundto be 75.0%in MC and 73.4%in data.Detailedbehavior of efficienciesafterstep-by-step
applicationsof thecutsis presentedin Table1. Thus,evenwith suchtight selectionswe do not
seenoticeabledifferencebetweenefficienciesin MC anddata.

Whendiscriminatingbetweenphotonsandbackgroundparticles(? \ aswell astheneutraldecay
channelsof % and @Ì\a mesons)we facea typical (for high energy physics)patternrecognition
problem.Thestandardprocedurefor solvingsucha problemis theintroductionof relevantcuts
in the multi-dimensionaldata. Nowadaysthe applicationof a software-implementedartificial
neuralnetwork (ANN) for patternrecognitionis well known andusuallygivesthe resultsthat
aresuperiorto conventionalapproaches[32].

So,insteadof directapplicationof cutson thesevariablesthey wereusedto build ANN thatcan
accumulatea power of all the four variablesandcriteria on them. ANN is thenappliedfor an
additionalselectioncriterionandcalculationof photonpurity.

Table1: Selectionefficiencies(in %) with tight limitationson theadditionalvariables.

Cut MC 6 Æ s�s Data 6°Æ s�s
�&? s32A2 � ¸ É 3 h ¸ É>? 265 �  lìÒ>0 83.2 82.2
�&? s3242 � ¸ É 3 hÀ³¶µ )�0�ln'o3 77.8 77.1

� 5 A �  Í që?87�9
� hÀ³¶µ )�/�lnÒ>0 GeV 75.1 73.9

�:�/; Í !>=�� � ¸ ÉÂKéÒ�/ cm 75.0 73.4

ForANN building wehaveusedJETNETpackage[33] of version3.5.ANN is trainedto discrim-
inatebetweendirectphotonfrom “ ¾�¿ ^kF + jet” eventsand em-jets

g �Y . TheManhattanalgorithm
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Figure23: Theefficienciesin the WYX Z3Z MC (red)anddata(blue)eventsasfunctionsof the
four additional variablesof section3. Electrons/positronsare from the []\_^a`cbd^fe�g GeV
interval.
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Figure24: Theefficienciesin the WYX Z3Z MC (red)anddata(blue)eventsasfunctionsof the
four additional variablesof section3. Electrons/positronsare from the e]g_^a`cbd^f\�g GeV
interval.
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Figure25: Theefficienciesin the WYX Z3Z MC (red)anddata(blue)eventsasfunctionsof the
four additional variablesof section3. Electrons/positronsare from the \]g_^a`cbd^fh�\ GeV
interval.
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Figure26: Normalizeddistributionof ANN outputfor MC (red)anddata(blue) WjikX Z3Z events
with l>mn^po�qrs^pt>m GeV and u vxw�uy^zg|{~} is shown. The ANN was trainedto discriminate
betweenphotonsandem-jets(seesection4.2.4).

Selectionefficienciesasa function of NN output

NNout thres.:0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
MC sel.eff.(%): 100 98.8 97.0 95.0 93.0 90.9 88.2 84.1 77.6

Datasel.eff.(%): 100 98.0 96.3 93.8 91.4 88.5 84.8 80.2 72.7
MC-Datasel.eff.(%): 0.0 0.8 0.6 1.2 1.6 2.4 3.4 3.8 4.8
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[34] for weight updatingwasusedat the training stage. The network is trainedto produce1
(unity) in caseof signaland0 (zero)in casebackgroundevents.For theANN trainingwe have
usedMC signalandbackgroundeventsfrom the interval of ��g�^�`|�b ^d\�g GeV. Thenthebuilt
network was testedon the W�X Z3Z MC/dataevents(Fig. 26). The differencein the electron
selectionefficienciesaftercutsonNN outputis shown below thefigure.

We have appliedcut on thenetwork output �����/�8�1��������g|{�\ astheadditionalselectioncriterion.
A systematicerror assignedfor this cut is the differencebetweenthe efficienciesfor MC and
dataW�X Z3Z eventsandis 2.4%for this cutasis seenfrom Fig. 26.

Photonefficiency w.r.t. this cut is shown in Fig. 27. It practicallydoesnot dependon `c�b and
agreeswith constantg|{~}���h���g�{�g�g][ .
Thedistributionsover ���������1����� for directphotonandem-jetsfrom e�e�^�` �b ^�\�g GeV arepre-
sentedin Fig. 28 with positionof the �����/�8�1����� cut. Thenetwork outputfor thedatapreselected
by thesamemainselectioncutsarealsoshown onthisfigure(blackhistogram).Thedistribution
is usedin section4.4to obtainthephotonfractionfor agiven ` �b interval.
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Figure27: Photonselectionefficiency w.r.t. thecut on ANN output ���k�����1�¥������g|{~\ asfunction
of `|�b .

4.3 Photonenergy scalecorrection.

As we know, thecalorimeterlayerweightsusedto reconstructinitial energy of theelectromag-
netic particlewerefound by usingelectronbased( W¦X Z3Z3§©¨«ª8¬X Z3Z ) events. On the other
hand,it is known thatphotons(dueto fundamentallydifferentnatureof their interactions)lose®°¯8±

Seesection4.1.
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` �b ^sg|{~h�g . Cut posi-
tion is shown.
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noticeablylessenergy in thematerialbeforecalorimeterthanelectrons.This factcanleadto a
systematicover-correctionin the energy scalefor photonsandwould yield a shift in the cross
section[42].

Sincefor theMonteCarlo(MC) simulationtheEM-calorimeterlayerweightswerealso(asin the
data)determinedfrom the WÈX Z3Z events,we assumethat thedifference(shift) we would find
betweentrueandreconstructedphotoǹcb canbeappliedto correctphotoǹcb in thedata[36].
To estimatesuchashift, wehaveconsideredthe “ ÉËÊ Ä6Ì�ÍÏÎ Z�Ð ” eventsfully simulatedin MC. Then
for eacheventwe have takenEM clusterfoundby theSimpleConealgorithmwithin

¼ ^Ñg|{~[�g
from photonon theparticlelevel. HereR is distancein eta-phispacefrom thephoton(particle
level) to gravity centerof theEM cluster. Distributionsof thenumberof eventsover therelative
shift betweenphotontransversemomentaat theparticlè

��Ò Ì �AÓ �b andcalorimeter̀cÔ ÒÖÕ×��Ó �b levels,i.e.¹ ` ��Ò Ì �AÓ �b Ø ` Ô Ò¥Õ×��Ó �b ¾:ª8` ��Ò Ì �AÓ �b , is presentedin Fig. 29. The ` Ô Ò¥Õ×��Ó �b distribution is built afterapplication
of cutsEMfrac ´³g�{�}�\ , µc¶¸·º¹A»½¼ g�[]¾Ù¿³g�{/À
g andtrackÁ matchÁ spatialchi2prob()¿ g|{~g�g>À .
Unfortunately, in datawe don’t measurea cleanphotonsignalbut have an admixtureof back-
ground particlesdecayinginto multiphoton final state(as ÚÛidX [ÜÉÞÝ�vßX [ÜÉÅ§Ü�ÜÚàiÜÝ3áâiÆ X[ÜÚài©ÝÖã�X Úài:É ). Sincethoseparticlesdecayinto the photonsof smallerenergy it would in-
ducean additionalshift of the measuredphoton `cb . Having determinedphotonpurities for a
given `c�b interval (seesection4.4), interrelationbetweenem-jetsof differenttypes(Úài , etc. em-
jets,seesection4.1) andwidths of variousdecaychannels[35] we have correctedthe average
shifts(seeFig. 29) foundfor singlephotons.

Table2: Averagevaluesof
¹ ` ��Ò Ì �AÓ �b Ø ` Ô ÒÖÕ×��Ó �b ¾�ª
` ��Ò Ì �AÓ �b (in %).`c�b (GeV/c) ÉËÊ ÄÇÌ ÉËÊ Ä6ÌäÍ Úài ÉËÊ Ä6Ì�Í Úài3§¥vÛ§©áâiÆ

10 -1.98 -2.43 -2.49
20 -1.35 -1.83 -1.92
30 -0.89 -1.35 -1.44
40 -0.55 -0.95 -1.05
50 -0.29 -0.65 -0.74
60 -0.11 -0.42 -0.51
70 0.03 -0.24 -0.33
80 0.13 -0.10 -0.20
100 0.26 0.08 -0.01
150 0.39 0.29 0.20
200 0.41 0.37 0.28
250 0.42 0.40 0.33

Total shift of the photonscale(in %), taking into accountbackgroundparticlesis presented
below in Table2. Thefirst column“ É Ê Ä6Ì ” shows theshiftswith accountsof just directphotons,
“ É Ê Ä6Ì Í Ú i ” meansthat all backgroundeventsareassumedto be initiated just by Ú i , while in
“ Í Úài3§Öv«§©áâiÆ ” thecontributionsfrom vÛ§©áâiÆ Í ã areincludedusingtheir ratiosw.r.t. Úài (that is
given,for exampleat e]gå^æ` �b ^�\�g GeV, by Ú ikç v ç ¹ á iÆ Í ã�¾äèsÀ ç g�{�e�\ ç g|{~[�h ; thefractionof v
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Figure29: Distributionsof thenumberof eventsovertherelativeshift betweenphotontransverse
momentaat theparticlè

�¥Ò Ì �AÓ �b andcalorimeter(EM cluster)̀ Ô ÒÖÕ×��Ó �b levels(seesection4.3).
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and á iÆ Í ã weaklyincreaseswith growing energy). So,accordingto this tableweoverestimate,
on theaverage,photoǹcb by 2.49%at 10 GeV, by 1.92%at 20 GeVandsoon

®��8±
.

Thevaluesof corrections� �Ô � Ì�Ì ¹ `c�b ¾ pointedin theright columnof Table2 canbeparametrized
by formula

� �Ô � Ì�Ì ¹ ` �b ¾�è�` i Ø Z	� `�
 ¹ ` ® Ø ` �b ¾�ª
` ¯�
with ` i è³g|{~g�g��>À
§ ` ® è Ø À
��h|{~[|§ó` ¯ è�e>ÀÜ{~[|{ (8)

Thesizeof correctionsdependsvery weaklyon thephotonpurity � (seenext subsection).For
example,if wevary � within À
\�� valuesof � �Ô � Ì�Ì ¹ ` �b ¾ changejustby � g|{<À�� .

The full sizeof thecorrection(absolutevalueof thedifference(̀
��Ò Ì �AÓ �b Ø ` Ô Ò¥Õ ��Ó �b ) ) is takenasa

systematicerror. On top of it, an additionalerrorof 0.5%on electronenergy scaleis addedin
quadrature.Oneneedsalsotake into accountsystematicerror causedby accuracy of determi-
nationof backgroundcontribution after theselectioncuts(this contribution shifts `cb of photon
candidateto lessvalues).As statedabove, this error is � g|{<À�� for the photonpurity � varied
within À
\�� .
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Figure30: Dependenceof theinclusivephotoncrosssectionsystematicerrordueto thephoton
energy scaleuncertaintyon ` �b (seeeq.(9)).

For thefinal aim it is necessaryto estimaterelative errorto thephotoncrosssectioninducedby
thephotonenergy scalesystematicerror. For this aim two ansatzes,(16) and(17), with param-
eters(19) from AppendixB aretaken. Thentherelative error to thecrosssection,for example,®��8±

Of course,speakingaboutbackground,oneneedsto understandthat the main backgroundparticles
(photonsfrom � i���������iÆ ) canbesurroundedby softerhadrons/photonsfrom thejet core.But assuming
that a contribution from the main backgroundparticlesto Pt of the EM clusteris at least70% the
numbersin Table2 shouldbegoodapproximations.
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for thefirst ansatzis equalto

u! #"Ûª�" uëè `%$&'
 À � ª
` �b Í [
`%$&(
ð[ � ª ¹*) ¶ Ø [Ü` �b ¾  ` �b { (9)

Thefoundcontribution(in %) to thecrosssectionsystematicuncertainty(asanaverageerrorfor
thetwo anzatzes)is shown in Fig. 30 andin summaryTable8 (column“ + ��,- ”) ®�.8± .
4.4 Photonpurity estimation.

As we know, themeasuredsignalfrom the isolateddirectphotonis contaminatedwith a back-
groundstemmingfrom QCD jets that have fluctuatedinto the well-isolatedsingleEM cluster.
Theclusteris causedmainly by energetic (singleor multiple) ÚÛi , v , áâiÆ or ã mesonsdecaying
into photonsin thefinal state[35]. Sometimesthesebackgroundparticlesareaccompanying by
soft hadronswhoseenergy is mostlydepositedin theelectromagneticshowerdevelopingwithin
theEM cluster.

To reveal sucha backgroundwe needthe physicalvariablessensitive to the internalstructure
of the shower. Additionally, the distributionsof thesevariablesin MC eventsshouldbe very
closeto thosein data. Many possibilitieswere studiedin searchof the optimal set [27, 28].
As was describedin the previous subsection,we have chosenfour variables,threeof which
(/10
Z�232 Á«Â54sÀ ¹ Â647082:9 ¶ Ð�¾ , ¶ 9<; Á|Ð=&�$>08?��A@ ¹4»½¼ g�e�¾ and

¶CB*D &¸`%E B ÁËÂ64�� ) aresensitive to theen-
ergy distribution insideEM clusterandone(/F08Z�2G2 ÁÛÂ64sÀ ¹4» ¼ g][�¾ ) is anadditionalvariablethat
characterizetheisolationof theEM cluster

®�H8±
.

As we mentionedin section4.2.4,theoutputfrom artificial neuralnetwork, basedon thesefour
inputvariables,hasbeenchosenasa discriminantbetweensignalandbackground.

Sincethesignaleventscannotbeidentifiedonaneventby eventbasistheir fraction(purity) � is
determinedfor agiven `cb bin statistically. Thephotonpurity is definedastheratio

��è � �� � Í �JI w � (10)

where � � ( � I w � ) is thenumberof singlephotons(em-jets)thatpassedselectioncriteria(section
4.2.4).

To determinepurity we have useda statistical/probabilisticmethod. The ANN output in data
is fitted by ANN outputsfrom MC photonandem-jet samplesusingHMCMLL routine [37]
(from HBOOK package).This routinecorrectly incorporatesstatisticalerrorsin MC anddata
histogramsandwasspeciallywritten for fitting MC fractionsto datahistogram

®�K8±
. With this

techniquethepuritiesfor the17considered̀c�b binswerefound.®�.8±
Additional errorto L#MON�M is causedby variationof parameters(19) to theansatz(16) with their errors.
It is foundto bejust PRQ�SUT�V whatis negligible ascomparedwith LWMON�M from Table8.®�H8±
An additionalgoodvariableusedfor photondiscriminationin Run I wasthe fraction of energy de-
positedon thefirst EM layer. Unfortunatelyin Run II its distribution in MC doesnot reproducethe
data.®�K8±
It wasalsoappliedfor findingphotonpuritiesin RunI.
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Explanatoryplots to thedeterminationof photonfractions(purities)for all consideredintervals
of arepresentedin Figs. 31–33. The errorsshown on the plots arestatistical. HereMC his-
togramsarecorrectedaccordingto the their fraction found from theHMCMLL fit. To checka
compatibility of datahistogramsandtotal (i.e. sumof photonandem-jet)MC histogramsfor
ANN output X ¯ testwasdone.Thefoundvaluesof X ¯ ª�/1Y=Z areshown in Table3

®=[ ±
.

Thephotonpuritiesfoundfor all `c�b intervalsareshown in Table4 (seealsoFigs.34and35). The
presentederrorscorrespondto 68%confidencelevel for thetwo parameterfit (theseparameters
arethefittedvaluesof signalandbackgroundfractionsin thedata)[37].

Table3: X ¯ testoncompatibilityof total (photon+em-jet)MC anddatahistograms(Figs.31–33)
for ANN output.`c�b 23–25 25–30 30–34 34–39 39–44 44–50 50–60 60–70 70–80

X ¯ ª�/1Y=Z 1.61 0.76 0.84 0.37 1.07 0.27 1.01 1.11 1.89

`c�b 80–90 90–110 110–130 130–150 150–170 170–200 200–230 230–300

X ¯ ª�/1Y=Z 1.62 1.22 0.86 1.38 0.53 0.33 0.62 1.30

Table4: Photonpurities( � ) foundfrom HMCMLL fit.\^] �b 23–25 25–30 30–34 34–39 39–44 44–50_
0.357̀ 0.062 0.346̀ 0.067 0.384̀ 0.064 0.436̀ 0.076 0.484̀ 0.058 0.512̀ 0.053

\^] �b 50–60 60–70 70–80 80–90 90–110 110–130_
0.607̀ 0.049 0.640̀ 0.043 0.647̀ 0.058 0.645̀ 0.040 0.703̀ 0.056 0.678̀ 0.068

\^] �b 130–150 150–170 170–200 200–230 230–300_
0.685̀ 0.089 0.727̀ 0.101 0.761̀ 0.110 0.847̀ 0.172 0.901̀ 0.228

At high `cb intervalstheuncertaintyof thefoundpurity pointsis mostlycausedby datastatistics
while for lower `cb it is mostlycausedby thestatisticsof theem-jetssamplewhichremainsafter
theselectioncuts(section4.2.4).

It is interestingto look at thedistributionsof thefour variablesusedastheneuralnetwork input
vector(seesections3, 4.2.4)in dataandin MC signalandbackgroundsetsafterapplicationof
cut on the ANN output ���k�����1���8���zg|{~\ . They are presentedin AppendixA for most of ` �b
intervals. As in Figs.31–33MC distributionsareweightedto accountfor their fractionsfound
from the HMCMLL fit. The MC errorshereincludealsoerrorson purity determination.The
foundpurity for agiveninterval is shown in Table4.

The determinedfrom HMCMLL photonfractionswerefitted [6] by the function �ba with two

®=[ ±
Juststatisticalerrorsin MC photon,em-jetanddatasamplesaretaken into accountin thecalculation
of c ¯ (i.e. errorscausedby accuracy of purity determinationareignoredin this table).
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Figure31: Distributionof thenumberof eventsin dataoverNN outputafterthecut ”NN output� g|{~\ ” for six ` �b intervals from 23 to 50 GeV. Thefitted (to thedata)distributionsof theMC
photonsandjetsarealsoshown. They areweightedwith accountof their fractionsfound from
theHMCMLL fit. Thefoundpurity for theseintervalsareshown in Table4.
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Figure32: Distributionof thenumberof eventsin dataoverNN outputafterthecut ”NN output�dg|{~\ ” for six ` �b intervals from 50 to 130GeV. Thefitted (to thedata)distributionsof theMC
photonsandjetsarealsoshown. They areweightedwith accountof their fractionsfound from
theHMCMLL fit. Thefoundpurity for theseinterval areshown in Table4.
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Figure33: Distributionof thenumberof eventsin dataoverNN outputafterthecut ”NN output��g|{~\ ” for five ` �b intervalsfrom 130to 300GeV. Thefitted (to thedata)distributionsof theMC
photonsandjetsarealsoshown. They areweightedwith accountof their fractionsfound from
theHMCMLL fit. Thefoundpurity for theseinterval areshown in Table4.
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Figure34: Thephotonpurity vs. ` �b with thefitting curve(full line) andstatisticaluncertaintyof
thefit (dashedlines).

freeparameters:

�ba è ÀÀ Í $ ® ¹ `|�b ¾ Ò�j (11)

We have chosenthis form becausewe expectthedatato bea sumof two falling crosssections
(photonsandjets)with theirratiohaving roughlytheform $ ® ¹ `cbÛ¾ Òkj (comparewith formula(10)).
Thefit, shown in Fig. 34 with its statisticaluncertainty, assuresthatpurity is a smoothfunction
of ` �b . Herestatisticaluncertaintieswerefoundfrom:

¹  W� Æ �1Ò¥�a ¾ ¯ è
¯
Ä Ó I	l ®

m �bam $ Ä
m �bam $ I

n Ä I (12)

where
n Ä I is anelementof error(covariance)matrix. Weseefrom Fig. 34 thatthefitted function

is smoothanddoesnot exhibit thestatisticalfluctuationsinherentin thedata.

In orderto estimatethe systematicuncertaintyfrom the choiceof fitting function, we usetwo
alternative functions.They are

�baåèsÀ Ø Z ÁOo×Òprq�Òkj�� ,- ± (13)

and

�saåè7$ ® Í $ ¯ 2 ·tD�¹ ` �b ¾ (14)

Theparametersof all fits aswell ascorrespondingX ¯ ª�/1Y=Z areaccumulatedin Table5.
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Table5: Resultsof photonpurity fit usingdifferentfunctions.

Fitting functions
Parameters ÀÜª ¹ À Í $ ® ¹ ` �b ¾ Ò�j ¾ À Ø Z	� `�
 Ø ¹ $ ® Í $ ¯ ` �b ¾ � $ ® Í $ ¯ 2 ·�Dä¹ ` �b ¾

$ ® 38.86� 16.71 0.285� 0.074 -0.331� 0.984
$ ¯ -0.971� 0.112 0.009� 0.006 0.221� 0.028

X ¯ ª�/FY=Z 0.42 0.76 0.51

Thesystematicuncertaintyis estimatedby calculatingthermsvalueof thedifferentfits from the
default choice(11). Thecompleteerrormatrix for thissystematicuncertaintyis calculatedusing
thedefinitionof covariance,sothateachelementof thematrix is:

nvuÄ I è À� Ø À
w
x l ®

¹ � x ¹UB ¾ Øzy ¹UB ¾Ö¾ ¹ � x ¹ Î ¾ Ø{y ¹ Î ¾�¾ (15)

where
B

andÎ aredifferent̀ �b bins,thesumis over thevariousfitting functions,� is thenumber
of different functionsusedto fit the data,and y is the valueof the default fit. The diagonal
elementsof thismatrix is just therms,i.e. wehave

¹  W� Æ*|ÖÆ � ®a ¾ ¯ è n uÄ6Ä .
Anothersourceof systematicerror is dueto thechoiceof thenumberof bins in HMCMLL fit
(seeFigs.31–33for ANN output). It wasvariedfrom 6 to 14. Additional error dueto sucha
variationwasfoundto be  W� Æ*|ÖÆ � ¯a è���� .

In Fig.35we plot thesystematicbandin uncertaintycausedby usageof alternative fitting func-
tionsandvariationof thenumberof binsin HMCMLL fit aswell asthedefault fit andits statis-
tical error.

The total uncertaintycausedby purity determination(shown by dash-dottedline in Fig. 35) is
presentedin column“Purity” of Table8.

An additionalsystematicuncertaintywasassigneddueto thefragmentationmodelusedin PYTHIA
[21]. Firstly, oneneedsto notethatPYTHIA generallywell describeproductionof suchparti-
clesas Úàiï§Öv mesonsin jets. Fig. 36 sdemonstratesthe vÛª
ÚÛi ratiosmeasuredin differentex-
perimentscomparedwith PYTHIA predictionsvs. � b . X ¯ teston thepoint compatibilitygives
X ¯ ª�/FY=Z�è�g|{�h]h .
But theproblemhereis thatthefragmentationfunctions } IC~F�#�

¹*� §4�ac¾ (or Î Xzv )
®��8±

currently
usedin MC eventgeneratorsarefitted to LEPdata( Z q Z Á X hadrons)correspondingessentially
to
� ¿ g|{~h (i.e. to unisolatedparticles)while for the tight isolation cuts, usedhere,mostly

contributesthebehavior of fragmentationfunctionsneartheendpoint,
� X À . In addition,the

gluon-to-pionfragmentationfunctionis poorly constrainedat moderateandlarge
�

by Z q Z Á an-
nihilation processbecausethesubprocessesinvolving gluonsin the Z q Z Á annihilationappearat
higherordersin � Æ , while subprocessesinvolving outgoinggluonsin hadroniccollisionscon-
tribute at lowestorder. Although the contributionsfrom gluon fragmentationarenot expected®��8±

Here � is a fractionof thefinal statepartonmomentumcarriedoutby � i (� ).
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Figure35: Statisticalerrorfrom thedefault fit (dashedline), bandin systematicuncertaintyfrom
threepossiblefitting functionsandvariationof thenumberof binsin HMCMLL fit (dottedline)
andtotal error(dash-dottedline).

to dominate,largeuncertaintieson their magnitudemaystill affectquantitativepredictions[39].
Accordingto [38] andalsotakinginto accountnoticeablediscrepancy between[40] and[41] sets
of parton-to-pionfragmentationfunctionsat �����������s��������� [39] theuncertaintyin �(� (aswell
asin � ) productionwastaken �7����� for this � region.

Thus,additionalsystematicuncertaintyto the photonpurity wasestimatedby varying the ra-
tios between�'� and  k�'¡£¢¤¡k¥��¦�§ (containing ¨ª©��(� in the decaychannel)and between� and
 k�(��¡£¢¤¡k¥��¦ § by «¬��� % �®8¯ . Theratiosof thenominaldefault purity to thepuritiesobtainedafter
suchvariationsin the first andsecondcasesareshown in Figs.37 and38. The relative errors
shown herearecausedby purity determinationprocedure(seeFig. 35).

Wehavedefinedfinal uncertainty(asafunctionof °>±² ) astheaveragevalueof absolutevariations
of thepurity causedby «³��� % variationsof thetwo ratios.This uncertaintycanbeparametrized
by ° �¬´	µ °�¶U°  ° ±²'· with ° �¹¸ ����º��%» and ° �¼¸ �³������½�º�� andis shown for all ° ±² bins in separate
column“Frag” of Table8. As weseethatthosevariationsmostlyinfluence°>±² regionupto ¾¿���
GeV andleadsto additional ¾ÁÀ�� systematicerror in purity at ° ±² �Âº�� GeV, ¾Áº�� at ° ±² �Â���
GeVand ¾Ã»�� at °�±² �ÄÀ�� GeV.

�®8¯ Sucha variationbecamepossibledueto separategenerationsof Å � and Æ�Ç�ÈÉÇ�Ê �¦ em-jets(seesection
4.1and[27]).
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Figure36: Ratiosof � to �(� productionrates(mesonsareproducedin jets)vs. µ ² measuredin
sevenexperimentscomparedwith PYTHIA 6.2 predictions. ÐOÑ teston the point compatibility
gives Ð%Ñ©�ÒFÓ=Ô ¸ ����À�À .

4.5 Unsmearingcorrection.

Unsmearingis correctingcrosssectiondueto finite resolutionof thecalorimeter. It is especially
importantfor the caseof steeplyfalling spectrum.In Run I DØ calorimeterhadgoodenough
energy resolutionfor EM objectsin order to neglect the unsmearingeffect. In Run II energy
resolutionfor EM objectshasdegradedandoneneedsto unfold the observed spectrumto re-
cover initial (unsmeared)one.Thedetailson thedeterminationof unsmearingfactor ÔkÕtÖ ¦*× from
equation(1) canbefoundin AppendixB andareappliedin section5.

5 Calculation of crosssectionand comparisonwith theory.
Herewecombineacceptance,trigger, selectionefficiencies,puritiesandunsmearingfactorfound
in sections4.2.1,4.2.2,4.2.4,4.4 and4.5 andevaluatethe crosssectionusingformula (1). In
Table6 we show numberof photoncandidatesremainingafter step-by-stepapplicationof the
selectioncriteria. The “Initial” criteria shows the total numberof EM clustersin the events
preselectedby CommonSampleGroupthat satisfy the primary vertex requirementsandhave
° ²ÙØ º�Ú GeV(seesection3).

We seefrom Table6 thatafter the final selectionon the ANN outputabout2.7 million photon
candidatesremained. Theseeventsareusedto calculatethe crosssectionin 17 ° ² bins with
averagevaluesvariedfrom 23.9to 258.0GeV.

The preliminary resultsof the measurementareshown in Fig. 39 asa function of ° ±² for the
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Figure37: Ratioof thenominaldefaultphotonpurity to thepurity obtainedafter «³��� % variation
of ratiosbetween� � and�b¡£¢¤¡¥ �¦ mesonsasa functionof ° ±² .
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Figure39: TheisolatedphotoncrosssectionÓ>ê'©�Ó° ±²'Ó� vs. ° ±² for thecentral( ë �ìë�íî����� ) rapidity
region. The full (systematicï statistical)errorsareshown. The red curve is theoreticalNLO
QCDpredictions[17, 45] donefor ð(ñ ¸ ðóò ¸ ° ±² with CTEQ6.1MPDFset.



5 Calculationof crosssectionandcomparisonwith theory 45

Table6: Numberof ¨ candidates(in thousands)aftereachcut.

Cut Numberof % from
¨ candidates Initial

Initial (CSG+vertex
cuts+° ²�Ø º�Ú GeV 79908 100

ë �ìë�íî����� 41837 52
EM fiducial 36699 46

EMfracØ ������� 21461 27ô>õ÷ö ¶3ø¹ùú��º�·Éíû���*»�� 13247 17
No matchedtracks 5 710 7ü ×ªý:¦*¦þ ©8° ±² íû����À�� 5 430 7

NNÿrÕ���� Õ�� Ø ����� 2 732 3.4

centralpseudorapidityregion ë � ± ë^í ����� with the full experimental(systematicï statistical)
errors.Onecanseethatin thepresentedrangeº�Ú����³í °>±² íûº�������� GeVthecentralphotoncross
sectionfalls by about5 ordersof magnitude.Statisticalerrorsvary from 0.1% in the first °�±²
bin to 13.2%in thelastbin while systematicerrorsarewithin »�» � º�� %. Thelargestsourceof
systematicuncertaintyis causedby thepurity estimation.

Thesuperimposedtheoreticalcurvecorrespondsto theQCDNLO predictionsbasedonthecode
[17, 45] (redfull line) with CTEQ6.1Msetof partondistribution functions(PDF).Theobtained
resultswerealsocomparedwith the QCD NLO predictionsbasedon the code[18] with same
PDF.

Thecalculatedexperimentalcrosssectiontogetherwith systematicandstatisticalerrorsis pre-
sentedin Table7. For comparisonthe theoreticalnumberspredictedby [17] (CFGP)and[18]
(VV) arealsogiven (columnsmarked by ’CFGP’ and’VV’ respectively). The sourcesof ex-
perimentalsystematicuncertainties(in %) areshown in Table8. Onecanseethat the largest
uncertaintyis causedby the purity estimation.Teston the stability of the found crosssection
with respectto thefinal cuton ANN outputcanbefoundin AppendixC.

Isolationconditionsfor the theoreticalpredictionsbasedon the code[17] slightly differs from
thosebasedon [18]. Just10%isolationin theconeof ù ¸ ����½ wasrequiredin first casewhile
for theoreticalresultsbasedon [18] both10%isolationin thering of ù ¸ ����º and5% vetoon
hadronicenergy in the coneof ù ¸ ����º arounda photonwererequired. The two predictions
arebasedon differentsetsof fragmentationfunctions,which are[50] in thefirst caseand[51]
in thesecond.It is worth emphasizingthatin spiteof sucha discrepancy bothpredictionsarein
agreementwithin À�� whatis seenfrom Table7 andFig. 40whichshowsratioof thepredictions
doneby P. Aurencheet al to thepredictionsdoneby W. Vogelsanget al for threescales.

A sensitivity of theoreticalpredictionsto theisolationrequirementsin thering of ø¹ù ¸ ����º and
to EM fractionin theconeof ù ¸ ����º wastested[49]. Variationof

ô>õWö ¶Gø¼ùú��º�· cut10� 5%and
10� 15%leadsto changesin crosssection

�
2%. Variationof allowablehadronicenergy in the

coneof ù ¸ ����º from 4% to 6% alsoleadto relativechangesin crosssection
�

2% [49].
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Table7: Dif ferentialcrosssectionfor thecentralregion( ë �Fë�íû����� ) with statisticalandsystematic
uncertainties.

° ±² bin ��° ±²�� Ó Ñ ê'©�Ó° ±² Ó�� (pb/GeV) 	Wê ¦ ��
�� 	#ê ¦�£¦ � 	Wê��Uÿ��
(GeV) (GeV) theor. (CFGP) theor. (VV) measured (%) (%) (%)
23 – 25 23.9 354 353 396 0.1 25.2 25.2
25 – 30 27.2 200 198 218 0.1 19.2 19.2
30 – 34 31.8 102 98.6 101 0.2 16.1 16.1
34 – 39 36.2 53.6 54.2 53.8 0.2 14.5 14.5
39 – 44 41.3 31 30 29 0.3 13.4 13.4
44 – 50 46.7 17.4 16.9 15.9 0.4 12.8 12.8
50 – 60 54.2 8.5 8.24 7.82 0.4 12.2 12.2
60 – 70 64.4 3.75 3.69 3.45 0.6 11.7 11.7
70 – 80 74.4 1.85 1.83 1.71 0.9 11.3 11.4
80 – 90 84.4 0.996 0.992 0.954 1.3 11.2 11.2
90 – 110 98.2 0.454 0.455 0.436 1.4 11.0 11.1
110– 130 118.5 0.179 0.176 0.171 2.3 11.2 11.4
130– 150 138.9 0.0764 0.0769 0.078 3.5 11.6 12.1
150– 170 158.7 0.0374 0.0366 0.0323 5.6 12.0 13.3
170– 200 183.1 0.0157 0.0161 0.0162 6.5 12.5 14.1
200– 230 212.3 0.00637 0.00634 0.00742 9.8 13.1 16.4
230– 300 258.0 0.00188 0.00176 0.00185 13.2 13.8 19.1

The theoreticalpredictionspresentedin Fig. 39 correspondto the choiceof renormalization,
factorizationand fragmentationscalesas ðóñ ¸ ðóò ¸ ð�� ¸ °>±² . If all scalesare varied to
ðóñ ¸ ð(ò ¸ ð�� ¸ ������°>±² or to ºk°>±² thecrosssectionsarechangingwithin « 12–13%(seeFig. 5).

We have also varied separatelyfragmentationscalein the rangeof ����» °�±² í ð��7í °�±² [52]
leaving two otherscalesðóñ and ðóò equalto °�±² . In this casecrosssectionhaschangedby 5% at
° ±² ¸ º�Ú���� andjust by 1% at ° ±² ¸ ������º GeV.

Theratioof theoreticalpredictionsdonewith MRST2004to oneswith CTEQ6.1Mareshown in
Fig. 41. Onecanseethatvariationsarewithin �¤� À % andmaximalfor ���5í °>±²¿íÂ»���� GeV.

The ratio of the measuredcrosssectionto the NLO QCD predictions[17, 45] calculatedwith
CTEQ6.1MPDF set is presentedin Fig. 5. Ratiosof the nominal theorypredictions[17, 45]
(with ðóñ�� ò�� � ¸ ° ±² andCTEQ6.1MPDFsetcorrespondingto thebestfit) to thepredictionswith
ðóñ�� ò�� � ¸ �����k° ±² (upperdottedbluecurve)and ºk° ±² (lowercurve)aswell asto thepredictionswith
largestupperandlower CTEQ6.1MPDF errors(dash-and-dotred curves)[44] arealsoshown
ontheplot. Variationof crosssectiondueto samescalevariationsobtainedwith [18] predictions
hasaboutthesamesize( « 1-2%)and° ±² dependence.
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Figure40: Ratiosof theoreticalpredictionsdoneby P. Aurencheet al to thepredictionsdoneby
W. Vogelsanget al areshown for threescales.
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Figure 42: The ratio of the measuredcrosssectionto the NLO QCD predictionsdonewith
[17, 45] (theor. predictionsbasedon thecode[18] arewithin 7%), with CTEQ6.1MPDFsetis
presented.Ratiosof thenominaltheorypredictions(with ðóñ!� ò"� � ¸ °>±² andCTEQ6.1MPDFset
correspondingto the bestfit) to thepredictionswith ðóñ!� ò"� � ¸ �����k° ±² (upperdottedbluecurve)
and ºk° ±² (lowercurve)aswell asto thepredictionswith largestupperandlowerCTEQ6.1MPDF
errors(dash-and-dotredcurves)arealsoshown on theplot.
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Table8: Systematicuncertainties(in %) dueto purity, trigger #�� andselection# ¦ efficiencies,
energy scale(ES),° ±² correction$ �&%þ , fragmentationmodel(Frag),acceptance(Acpt), luminosity
(Lum) andunsmearing(Unsm).

° ±² bin (GeV) Purity #�� # ¦ ES $ � %þ Frag Acpt Lum Unsm Total syst.
23 – 25 15.5 13.6 3.2 6.3 7.8 7.3 1.5 6.5 1.0 25.2
25 – 30 12.4 5.3 3.2 6.1 7.3 6.3 1.5 6.5 1.0 19.2
30 – 34 9.7 2.2 3.1 5.9 6.5 5.4 1.5 6.5 1.0 16.1
34 – 39 8.2 1.1 3.0 5.7 5.9 4.4 1.5 6.5 1.0 14.5
39 – 44 7.4 1.0 2.9 5.5 5.2 3.5 1.5 6.5 1.0 13.4
44 – 50 7.1 1.0 2.8 5.4 4.6 2.8 1.5 6.5 1.0 12.8
50 – 60 6.9 1.0 2.8 5.3 3.9 2.1 1.5 6.5 1.0 12.2
60 – 70 6.6 1.0 2.8 5.1 3.3 1.4 1.5 6.5 1.0 11.7
70 – 80 6.3 1.0 2.7 5.1 2.9 1.1 1.5 6.5 1.0 11.3
80 – 90 6.1 1.0 2.7 5.0 2.7 1.1 1.5 6.5 1.0 11.2
90– 110 5.9 1.0 2.7 4.9 2.6 1.0 1.5 6.5 1.0 11.0
110– 130 6.3 1.0 2.7 4.8 2.8 1.0 1.5 6.5 1.0 11.2
130– 150 6.9 1.0 2.7 4.8 3.0 1.0 1.5 6.5 1.0 11.6
150– 170 7.6 1.0 2.7 4.7 3.2 1.0 1.5 6.5 1.0 12.0
170– 200 8.3 1.0 2.7 4.7 3.3 1.0 1.5 6.5 1.0 12.5
200– 230 9.1 1.0 2.7 4.6 3.5 1.0 1.5 6.5 1.0 13.1
230– 300 10.1 1.0 2.7 4.6 3.7 1.0 1.5 6.5 1.0 13.8

6 Conclusion.
We have measuredtheinclusive crosssectionfor isolatedphotonsin thecentralpseudorapidity
region ( ë �Fë í ����� ) at ' õ ¸ »k���(� TeV. We have comparedit with two NLO QCD theoretical
predictionsdoneby [17, 45] and[18] In bothcasesCTEQ6MPDFsetis used.

TheNLO QCD predictions,bothwith CTEQ6.1MandMRST2004,describethedatawithin the
experimentaluncertaintiesin thewhole ° ±² rangeconsidered,º�Úªí¹° ±² í�Ú���� GeV. Thepresented
measurementscanbeusedin futurePDFglobalfits (asit wasdoneearlier, for example,in [13,
15, 53]), especiallyin theregion of mediumandhigh °�±² , wheretheexperimentaluncertainties
from the inclusive jet crosssectionsareconsiderable. For this reason,extendingthe photon
crosssectionto theregionof larger ° ±² wouldbevery important.
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Appendix
A. Comparisons of MC-data for the input variables used in ANN.
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Figure43: Distribution of thenumberof eventsin dataandthefitted distributionsfor MC pho-
tonsandjetsover the four variablesusedasneuralnetwork input vector. MC distributionsare
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B. Unsmearingthe crosssection.

Unsmearingprocedureincludesthefollowing steps:

U Make an ansatzto parametrizethe initial °>±² spectrum.For this aim two formulaswere
tested:

ê1¶�° ² · ¸ °WV.X!Y �(Z�[F° /(�\
^]&_ a`² [5¶	»F� ºk° ² © ' õ · ��
�]&_ Ñb` (16)

and

êF¶U° ² · ¸ °=VcX!Y!�dZ�[ì° /(��
�]&_ a`² [ ´	µ ° /(�
þ.e �\
^]f_ Ñb` [5¶	»F� º�° ² © ' õ · ��
�]&_ g ` (17)

U Smeartheansatzanalyticallyusingtheknown energeticresolutionfor EM objects
( ¶*ê�hì© ü · Ñ ¸ $ Ñjilk(Ñ © ü i 8 Ñ © ü Ñ ). Herethefollowing valueswereaccepted[43]:

$ ¸ ������½�Ú���¡ k ¸ ����º�º�½ ' mon�p ¡q8 ¸ ����º�� mon�p Ñ (18)
U Fit thesmeareddistribution to thedatain orderto adjustparameters°=VcX�Y rfZ in (16), (17).

U Find thecorrectionastheratio of unsmearedto smearedcurvesin thepointswherecross
sectionhasbeendetermined.

Sincetheresolutionis definedfor theenergy
ü

andwe needto correct° ² spectrum,valueof
ü

for every ° ² bin wasdefinedfrom theaverageë � ± ë presentedin Fig. 54 asfunctionof °>±² . This
dependenceis plottedafterapplicationof maincutsof subsection4.2.4.
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Figure54: Thedependenceof averageu v"w"u on x wy .

The ansatzes(16) and (17) smearedwith EM resolution(18) were fitted to datapoints with
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Figure55: Ratio of the ansatz(17) smearedwith EM resolution(18) to the datapoints. Here
errorsarecausedby syst.errorin themeasuredcrosssesction(Table8).

|W}.~����b��� ������ and �(����� respectively. Fig.55 shows ratio of the smearedansatz(17) to the
datapoints. The errorsarecausedby syst. error in the measuredcrosssesction(seeTable8).
Dif ferencesbetweensmearedansatzes(16)and(17)arewithin 1%.

Theparametersin expressions(16)and(17)obtainedafterthefit are:

x=�c��� �(�"���������(�����,����(���=�:�c�.� x=�c�!� �:�"�������(���l�����(��� x=�c��� �(�"���(� �(���l�(� �(� (19)

for ansatz(16)and

x=�c��� �(�"���¡�,���(���l�����(�(���=�:�c�.� x=�c�!� �:�"�������(¢��l�������� xW�.�!� �(�"�£�d��� ¤d���l¤�� �d��� x=�c�!� �(����¥¦�������(�§�l��� �d�
for ansatz(17).

Thefinal unsmearingcorrectionis shown in Fig.56.Theerrorsaredefinedasdifferencebetween
averagecorrectionsobtainedwith ansatzes(16)and(17).

Onecanseethat thefoundcorrectioncanparametrizedby linear function ��¨:©�ª�«£�¬®¥1¯�� x wy
with ¬I�°����¤(�=�*�®�����(�(� and ¯�����¤(� �(�W�*����� �(�d�(�²±³���µ´d¶ . Therelativeerrorcausedby thefit is
0.2%at x wy ���(�(� � GeVandgrowsupto 0.5%at x wy �°�(¢(� GeV. But dueto apossibledistinction
of thetrueresolutionfrom (18) acceptedherewe increasetherelativeerrorsof thefit to ��· for
all points. This correctionwill be taken into accountto get the final crosssection}b¸:¹ from eq.
(1).

}b¸:¹ Is is interestingto notethat this procedurerepeatedfor RunI resolution(with º¼»¼½.¾�½.½¡¿ , ÀÁ»l½.¾�Â.Ã )
givescorrection½.¾�Ä.Ä.ÅÇÆÈ½.¾�½.½.Ã .
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Figure56: Dependenceof theunsmearingcorrectionon x wy . Linearfitting functionis shown on
theplot with valuesof its parameters.

C. Variation of crosssectionwith cut on Ê�ÊÌË�ÍdÎÐÏ:ÍdÎ .
Let us remind that the usedANN was trainedon MC signal andbackgroundeventsand has
to produce0 in caseof backgroundand 1 in caseof signal events. Thus, naturalchoicefor
a boundarybetweenthesetypesof eventsis middle point 0.5. That is why the photonpurity
estimationwasdoneafterapplicationof cut ’ ÑÒÑÔÓ ¨�Õ�Ö\¨�ÕØ×�(� ¢ ’. Certainly, onecanusea tighter
cutsto achieveahigherpurity. But on theotherhand,errorto thepurity wouldalsoincreasedue
to reductionof statistics(mainly in backgroundanddata).

In Fig. 57 we demonstrateratiosof photonpurity foundwith Ñ9ÑÙÓ ¨�Õ�Ö\¨:Õ�×������ and ÑÒÑÔÓ ¨�Õ�Ö\¨�ÕØ×�����(¢ to thepurity foundwith Ñ9ÑÙÓ ¨�Õ�Ö�¨�ÕÚ×��(� ¢ cut. Only largesterrors(thatcorrespondto tighter
cut in the ratio) areshown. Ratiosof the final crosssectionsfound with ÑÒÑÔÓ ¨�Õ�Ö\¨�ÕÛ×Ü����� and
Ñ9ÑÙÓ ¨�Õ�Ö�¨�Õ�×������(¢ to onewith ’middle-point’ cut Ñ9ÑÙÓ ¨�Õ�Ö\¨:ÕÝ×�����¢ arepresentedin Fig. 58. As in
Fig. 57,only largesterrorsareshown.

FromFig. 58 onecanconcludethat thecrosssectionis very stablewith respectto variationof
thecut onANN output.
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Figure57: Ratiosof photonpurity foundwith Ñ9ÑÙÓ ¨�Õ�Ö�¨�Õ*×°����� and Ñ9ÑÔÓ ¨:Õ�Ö\¨�Õ²×°��� �d¢ to thepurity
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Figure58: Ratiosof crosssectionsfoundwith Ñ9ÑÙÓ ¨�Õ�Ö\¨:Õ*×£����� and Ñ9ÑÙÓ ¨�Õ�Ö\¨:Õ*×°�����(¢ to thecross
sectionwith Ñ9ÑÙÓ ¨�Õ�Ö\¨:Õ*×°����¢ cut.


